Abstract
Introduction
Accurate measurement of retinal nerve fiber layer (RNFL) thickness is an important component in the diagnosis and management of glaucoma. Due to the influence of eye motion and manually controlled circle placement, it is difficult to ensure consistent scan location in timedomain optical coherence tomography (TD-OCT). Accurate registration of circle scan is essential for measurement reproducibility and longitudinal examination [1] . Spectral-domain OCT (SD-OCT) automatically delineates the optic disc margin and calculates the center of the optic disc. Therefore, it consistently measures circumpapillary RNFL thickness along a 3.46-mmdiameter circle from the optic disc center. Due to these features, SD-OCT shows improved reproducibility of RNFL measurement compared to TD-OCT [2, 3] .
However, automatic detection technique of optic disc in SD-OCT is not perfect. In previous studies using SD-OCT, the prevalence of optic disc margin detection errors was reported to range from 0.5 to 17.6% [4] [5] [6] . Because the optic disc center is calculated using the optic disc margin, error may also be incorporated in the optic disc center location. Potential displacement of the optic disc center may affect every measurement in the 200 x 200 scan points of a RNFL thickness map, as well as in a 3.46-mm-diameter circumpapillary RNFL measurement.
The purpose of this study is to investigate the effect of optic disc center displacement on RNFL measurement. Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA) provides coordinate information of the optic disc center location in printout results. By shifting these coordinates, we simulated optic disc center displacement in the RNFL thickness map without requiring repeat scanning. Additionally, we present a strategy for how to deal with optic disc center displacement in clinical practice.
Methods

Participants
This prospective cross-sectional study was performed on healthy subjects who had visited the glaucoma clinic of the Hanyang University Medical Center from January 2015 to October 2015. The study was approved by the institutional review board of Hanyang University Medical Center and adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all subjects prior to participation.
All subjects underwent a comprehensive ophthalmic examination, including a visual acuity test, applanation tonometry, anterior segment examination, refraction, optic disc photography, standard automated perimetry (Humphrey Field analyzer with SITA standard 30-2 test; Carl Zeiss Meditec), and RNFL imaging with a SD-OCT (Cirrus HD-OCT; Carl Zeiss Meditec).
Inclusion criteria were as follows: best-corrected visual acuity of !20/40; normal visual field; normal anterior segment on slit-lamp examination; normal appearing optic nerve head (ONH); and no history of intraocular pressure >21 mmHg. Normal visual field was defined by a glaucoma hemifield test (GHT) within normal limits. Visual field tests were considered reliable based on fixation losses <20%, false-positive <15%, and false-negative <15%. Eyes with high myopic or hyperopic refractive errors of less than -6.0 diopters (D) or greater than +3.0 D were excluded from this study. Eyes with any ophthalmic or neurologic disease known to affect RNFL thickness or visual function were also excluded. If both eyes were eligible, one eye was randomly selected for the study.
Retinal Nerve Fiber Layer Imaging
An Optic Disc Cube scan on the 6 x 6 mm 2 optic disc area was obtained using a Cirrus HD-OCT. The RNFL thicknesses at 200 x 200 pixels were measured and a RNFL thickness map was generated. A built-in algorithm automatically detected the optic disc margin and calculated the geometric center of the optic disc margin. The optic disc center was displayed as the degree of movement from the center of 6 x 6 mm 2 optic disc area in printout results (e.g.
"Disc Center [-0.02, 0.04] mm"). Then, a circle 3.46 mm in diameter was positioned around the optic disc center, and circumpapillary RNFL thickness was calculated. Eyes with initial optic disc center position of >0.3 or <-0.3 mm were excluded. All images had signal strength of at least 7. Images with motion artifacts were rescanned at the same visit.
Optic disc center displacement between optic disc photography and optical coherence tomography
To compare the same region, the optic disc photograph and infrared image of OCT were registered by a control point selection tool according to the retinal blood vessels using MATLAB R2012a (The MathWorks Inc., Natick, MA). Clinically visible optic disc margin was segmented in optic disc photograph by one observer (J.W.S.) and reviewed with two observers (M.S. and K. B.U.). The optic disc center of optic disc photograph was calculated by averaging the coordinates of the optic disc margin segmentation. The optic disc margin from OCT built-in algorithm was compared with clinical optic disc margin from optic disc photograph by two observers (J.W.S and M.S). Obvious discrepancy between two disc margins was excluded. The difference of centration between optic disc photograph and OCT image was evaluated. Fig 1 showed the optic disc center displacement between optic disc photography and optical coherence tomography.
Optic Disc Center Displacement and Retinal Nerve Fiber Layer Measurements
RNFL thickness measurements were extracted from 200 x 200 pixels of the RNFL thickness map by a Cirrus HD-OCT Research Browser (Carl Zeiss Meditec). The sampling position of circumpillary RNFL measurement (Fig 2A) or RNFL thickness map (Fig 2B) varied according to where the optic disc center was located. The automatically calculated optic disc center was used as a reference point. We manipulated the optic disc center from 0 to 0.3 mm in 0.03-mm intervals in horizontal (temporal and nasal) and vertical (superior and inferior) directions and 0 to 0.42 mm in 0.042-mm intervals in diagonal (superotemporal, superonasal, inferonasal, and inferotemporal) directions. The 0.03-mm (equal to 1 pixel) or 0.042-mm (equal to 1 diagonal pixel) intervals were the minimum evaluable scale in Cirrus HD-OCT. Then, RNFL thickness data were resampled with the following: (1) a 3.46-mm diameter circle; and (2) between a 2.5-mm diameter circle and a 5.4-mm square with respect to the manipulated optic disc center location (Fig 2) . Resampled data at a 3.46-mm diameter circle were reconstructed to average, temporal, superior, nasal, and inferior parameters. The Error (or difference) between original and resampled RNFL measurements was calculated. For statistical analysis, data of left eyes were converted into a right eye format. The computer program used for these analyses was written using MATLAB R2012a. All subjects had various initial optic disc center positions (range: -0.3 to 0.3 mm in x and y axes) and disc area (range: 1.04 to 4.09 mm 2 ). RNFL measurements were analyzed within a 5.4-mm square area due to the variety of initial optic disc center locations. In addition, the optic disc center manipulation of 0.3 mm required an extra 0.3-mm space in the same direction ( Fig 2B) . If there was insufficient extra space, resampling was done outside the scanning area where no available RNFL thickness data existed. Therefore, comparison of the RNFL thickness map with optic disc center displacement was available within a 4.8-mm square area in a 6-mm square scanning area. The optic disc area contained no RNFL components, so a central circular area 2.5 mm in diameter was excluded from analysis.
Statistical Analyses
Statistical analyses were performed using the R statistical programming language (ver. 3.1.2; R Foundation, Vienna, Austria). Because each subject had repeated RNFL measurements for Optic disc center displacement between optic disc photography and optical coherence tomography (OCT). The infrared image of deviation map displayed the optic disc margin (black line) and center (black cross) information as well as abnormally deviated area from normative database. It was overlaid and registered with optic disc photograph according to the retinal blood vessels. Clinically visible optic disc margin (green dots) was segmented in optic disc photograph and its center (green cross) was calculated by averaging the coordinates of margin. In this case, clinically visible optic disc center was nasally displaced 1 pixel from the center of OCT image. each optic disc center manipulation (10 scales in 8 directions), linear mixed-effects models were fitted to RNFL measurements. Repeated measures ANOVA with Tukey's multiple comparison was performed to assess for error between original and resampled circumpapillary RNFL measurements. P-values of 0.05 or less were considered statistically significant. To determine the clinically tolerable error threshold of circumpapillary RNFL thickness according to optic disc center displacement, we considered the test-retest variability of Cirrus HD-OCT. Suh et al. [7] reported that test-retest standard deviation (TRT-SD) in normal eyes was 1.93 μm in average, 2.28 μm in temporal, 4.11 μm in superior, 3.21 μm in nasal, and 3.83 μm in inferior RNFL thickness. We calculated the tolerance limit using the formula 1.645 x p 2 x TRT-SD [8] with the following results: 1) 4.49 μm (4.85%, divided by mean thickness) in average; 2) 5.30 μm (7.68%) in temporal; 3) 9.56 μm (8.11%) in superior; 4) 7.47 μm (11.39%) in nasal; and 5) 8.91 μm (7.41%) in inferior RNFL thickness. These results were strictly applied to our threshold criteria. In this study, 5% or less variability between original and resampled RNFL measurements was defined as tolerable error, 5 to 10% as cautious, and 10% or more as unreliable. When all circumpapillary RNFL parameters (average, temporal, superior, nasal, and inferior segments) satisfied the tolerable error criterion, we regarded optic disc center displacement as tolerable for clinical use. If one of RNFL parameters included cautious or unreliable error, we regard as cautious or unreliable for clinical use.
The tolerable threshold for the RNFL thickness map needed different criteria, because there were tens of thousands of RNFL measurements. When the area of 5% or less variability occupied more than 80% of the RNFL thickness map, we regarded this map as tolerable for clinical use. When the area of 10% or less variability occupied more than 80% of RNFL thickness map, we regarded as cautious for clinical use. The area of 10% or more variability was defined as unreliable zone. The results were plotted in the 'displacement error-encoded map' using MATLAB software.
Results
Two hundred and thirty-nine healthy subjects were enrolled in this study. The serious errors of optic disc margin detection by OCT's built-in algorithm were observed in 9 cases (3.8%). Seven (2.9%) were excluded due to an initial optic disc center position > 0.3 mm. Two hundred and twenty-three healthy subjects were included in final analysis (mean age, 55.4 ± 12.7 years; mean deviation, -0.29 ± 1.13 dB; Average RNFL thickness, 102.3 ± 6.6 μm). Subject demographics are summarized in Table 1 .
The effect of optic disc center displacement on circumpapillary RNFL thickness is described in Fig 3. Regardless of the direction of the optic disc center displacement, the average RNFL thickness had the least error between original and resampled RNFL measurements (range of error, -1.21 to 2.68%). Vertical displacement had a greater effect on superior and inferior RNFL thickness than temporal and nasal RNFL thickness. Horizontal and diagonal displacement had a greater effect on the temporal and nasal RNFL thickness than superior and inferior RNFL thickness. Measurements with significant difference between original and resampled RNFL by a repeated measure ANOVA test are indicated by red marks in Fig 3 . Just 1 or 2 pixels displacement caused significant differences in nearly all circumpapillary RNFL parameters and displacement directions. The average and temporal RNFL thickness showed significant differences at !6 pixels displacement in the vertical direction. Considering RNFL measurement testretest variability, the maximum tolerable thresholds (5% or less variability) of optic disc center displacement on circumpapillary RNFL measurement were distributed from 0.06 to 0.12 mm in 8 directions (Fig 3, green zone) . The maximum cautious thresholds (10% or less variability) were distributed from 0.12 to 0.24 mm in 8 directions (Fig 3, yellow zone) . These thresholds were more generous in vertical displacement than horizontal displacement.
The effect of optic disc center displacement on RNFL thickness map is displayed in the displacement error encoded map (Fig 4) . Errors between original and resampled RNFL measurements were negatively increased in the region toward the direction of optic disc center displacement and positively increased in the opposite region. The unreliable zone (Fig 4, black lines on maps), in which 10% or more variability was observed, was located at the superior and inferior regions in vertical displacement (parallel distribution to the direction of displacement). In horizontal displacement, the unreliable zone was located at the inferotemporal, inferonasal, and superonasal regions (diagonal distribution to the direction of displacement). In diagonal displacement, the unreliable zone was frequently located at superotemporal or inferotemporal region (perpendicular distribution to the direction of displacement). Table 2 summarizes clinically important unreliable zones where is susceptible for glaucomatous damage. The maximum tolerable thresholds ( 5% variability occupying more than 80% of the RNFL map) of optic disc center displacement on the RNFL thickness map were distributed from 0.042 to 0.09 mm in 8 directions (Fig 4 center, green zone) . The maximum cautious thresholds ( 10% variability occupying more than 80% of the map) were distributed from 0.12 to 0.18 mm in 8 directions ( Fig 4 center, yellow zone) . The thresholds were shaped as vertically elongated ellipses. Compared with the circumpapillary RNFL parameters, the tolerable or cautious thresholds ranges were narrower. The errors of RNFL measurements and distribution of optic disc center displacement between optic disc photograph and OCT image were described in Fig 5. Of the 223 healthy eyes, 183 eyes (72.1%) had optic disc center displacement between optic disc photograph and OCT. The optic disc center of photograph was most frequently observed in nasal (37 eyes, 16.6%) direction based on the optic disc center of OCT. The optic disc center displacements occurred within -2 to +2 pixel units in x or y axis and satisfied the maximal tolerable threshold Optic disc center displacement and measurement error in the RNFL thickness map. Each displacement error-encoded map recorded differences between the original and resampled RNFL measurements at the maximum cautious threshold level (left upper corner). The black lines on the displacement error-encoded maps are the unreliable zones in which 10% or more variability was observed. The central green and yellow zone represents the maximum tolerable (5% or less variability occupying more than 80% of map) and cautious (10% or less variability occupying more than 80% of map) thresholds of optic disc center displacement. RNFL = retinal nerve fiber layer doi:10.1371/journal.pone.0165538.g004 except 2 cases. The errors of RNFL measurements showed similar patterns with results from the above simulation. Almost all area (>99%) of the error encoded map did not exceed 10% and there was no clinically critical unreliable zone in error encoded maps.
Discussion
The optic disc center is one of the most important landmarks in OCT RNFL imaging. Obtaining a well-centered scan is critical for reliable RNFL measurement [9] . In recent commercial SD-OCT, the ONH analysis algorithm automatically identifies the border of the optic disc and calculates the position of the optic disc center. An objective reference point can provide a consistent guideline for RNFL mapping as well as scan circle alignment. Consistent optic disc center identification is especially important in longitudinal observation, such as Guided Progression Analysis (GPA). 'Translation of optic disc center' and 'rotation of OCT fundus' are major strategies of GPA for registration of multiple images captured at different times. Although the ONH analysis algorithm provides reliable identification of the optic disc margin and center, the error of optic disc margin detection was reported to range from 0.5 to 17.6% in Cirrus HD-OCT [4] [5] [6] . In the present study, OCT's built-in algorithm failed to detect optic disc margin in 9 cases (3.8%). Optic disc center displacement (or scan circle displacement) is possible in automated SD-OCT systems, and guidelines are needed to cope with optic disc center displacement in 200 x 200 RNFL thickness measurements.
In this study we evaluated 223 healthy eyes and found that the average RNFL thickness had the least variability in optic disc center displacement. The errors in average RNFL thickness at 0.3-mm displacement ranged from -1.21 to 2.68%. Average RNFL thickness was the only circumpapillary RNFL parameter that satisfied the test-retest variability tolerance limit in 8 directions of optic disc center displacement. Other sectoral RNFL parameters showed unreliable errors (-18.07 to 27.6%) exceeding the test-retest variability tolerance limit. These findings are consistent with previous studies using TD-OCT and SD-OCT. Vizzeri et al. [10] (a TD-OCT study of 16 healthy eyes) reported that average RNFL thickness was a robust parameter for scan circle displacement. Taibbi et al. [11] (a SD-OCT study of 18 healthy eyes) reported that changes exceeding the test-retest variability by scan circle displacement were minimally observed in average RNFL thickness. Because changes in sectoral RNFL would be compensated by corresponding changes in the opposite sector, average RNFL thickness could have minimal variation in optic disc center displacement.
A few studies have investigated the variability in circumpapillary RNFL thickness measurement as related to scan circle displacement. Vizzeri et al. [10] reported that scan circle shifts up to 300 μm may lie within the test-retest variability for average RNFL thickness measurements. Gabriele et al. [1] suggested wider threshold limits of over 600 μm. In our study, the maximum threshold for average RNFL thickness measurements was 240 μm. Although the RNFL thickness map is one of the main results of SD-OCT optic disc scan, RNFL thickness map variability resulting from optic disc center displacement has not been extensively studied. In this study, the maximum threshold of optic disc center displacement was up to 180 μm in the RNFL thickness map. Compared to circumpapillary RNFL parameters, RNFL thickness map had tighter threshold limits. Because optic disc center displacement affects 200 x 200 RNFL measurements, small changes lead to greater variability in the RNFL thickness map. Therefore, it requires greater attention to interpreting the optic disc center displacement in RNFL thickness map. To the best of our knowledge, this is the first study demonstrating the effect of optic disc center displacement on RNFL thickness map. The displacement error encoded map (Fig 4) was the characteristic finding of this study. It demonstrated the distribution pattern of the unreliable zone. Even in cases where optic disc center displacement did not exceed the tolerable or cautious thresholds, areas with 10% or more variability were possible. Unfortunately, the unreliable zone was often located in regions critical for determining glaucomatous RNFL damage, such as the superotemporal, inferotemporal, superior, or inferior regions (Fig 4) . Glaucomatous changes often start in the superior or inferior poles of the ONH [12] . In a recent study that analyzed RNFL thickness deviation maps, the RNFL defects were most frequently found at the inferotemporal (80.4%), followed by the superotemporal region (54.2%) [13] . Because optic disc center displacement could result in overestimation or underestimation of these regions susceptible to glaucomatous damage, the distribution pattern of unreliable zone should be considered when interpreting optic disc center displacement in RNFL thickness map.
The direction of optic disc displacement provides valuable information regarding where clinicians should focus their efforts ( Table 2) . Vertical displacement had the greatest effect on superior and inferior regions, while horizontal or diagonal displacement frequently led to the greatest changes in the superotemporal or inferotemporal regions. Moreover, the maximum tolerable or cautious thresholds of optic disc center displacement showed vertically elongated margins, meaning that the vertical displacement caused less error in RNFL thickness measurement than the horizontal displacement. Thus, the unreliable zone pattern and the threshold limit varied according to the direction of optic disc displacement. If optic disc center displacement is suspected, identifying the direction of displacement should be a top priority.
How to deal with optic disc center displacement in clinical practice
Optic disc center displacement can be incurred by OCT built-in algorithm, because clinically visible optic disc margin is not always coincident with the termination of Bruch's membrane. Reis et al. [14, 15] reported that there is an invisible extension of Bruch's membrane internal to the clinically visible disc margin in most eyes. Although serious optic disc margin detection errors of OCT were excluded from this study, optic disc center displacement between optic disc photograph and OCT image were observed in 72.1%. Nevertheless, the errors of RNFL measurements did not exceed tolerable threshold and there was no clinically critical unreliable zone in error encoded maps. Our findings indicate that a subtle optic disc center displacement caused by usual regional variability of Bruch's membrane opening and clinically visible disc margin frequently happens but more intensive adjustment is not necessarily beneficial.
In case of serious optic disc center displacement, Cirrus HD-OCT Research Browser supports an editing tool for adjusting the optic disc center and margin. The direction and magnitude of optic disc center displacement can be quantified using this tool. Fig 6 illustrates this process with a sample case. If clinicians encounter an obvious discrepancy of the optic disc margin between OCT and fundus photography (Fig 6A) , correction of the optic disc center and margin would help to achieve reliable RNFL measurements (Fig 6B) . Through semi-automatic manipulation of the optic disc center coordinates using the editing tool (Fig 6A, [0. 09, 0 mm] before correction; Fig 6B, [0. 18, -0.09 mm] after correction), appropriate optic disc margin could be restored (Fig 6A and 6B, arrowhead) . In this case, the superotemporal [-0.09, 0.09 mm] displacement caused approximatively 10% changes in the area and angular width of RNFL defect. This study's results (threshold limit and unreliable zone pattern) could contribute to the interpretation of revised RNFL measurement (Fig 6C) . The displacement error encoded map was consistent with the actual changes in the above case.
However, in cases with physical obstacles or structural abnormalities around the optic disc, the OCT algorithm usually fails to adjust the optic disc margin and center. In these cases, this study's results could be a practical guideline for interpreting the effect of optic disc center displacement. Figs 7 and 8 demonstrates cases of myelinated retinal nerve fiber and floater interfering with optic disc margin detection. If Cirrus HD-OCT Research Browser is not available or fails to adjust the optic disc margin, we recommend the following steps: (1) determine the direction of optic disc center displacement (Fig 7A and Fig 8A) , (2) select the displacement error-encoded map according to the direction in Fig 4, and (3) interpret RNFL measurements carefully considering the unreliable zone (Fig 7B and Fig 8C) .
The optic disc center is especially important in GPA because it is a reference point for comparing several examinations. Optic disc center displacement at baseline exams may cause serial misguidance for RNFL progression in follow-up exams (Fig 9) . Considering the effect of optic disc center displacement can improve the reliability of GPA.
This study examined only healthy eyes. Although the test-retest variability is independent of the severity of glaucomatous damage [16] , it remains unclear whether optic disc center displacement variability in normal eyes applies to glaucomatous eyes; thus, further investigation is needed. Another limitation of this study is that the analyzed area is relatively small (4.8 x 4.8 mm 2 ), and the effect of optic disc center displacement is not available at the peripheral region of the RNFL thickness map. Fortunately, recent studies reported that the RNFL defect and its progression were best detected at a distance of 2.14 and 2.00 mm from the optic disc center, respectively [17, 18] .
In summary, optic disc center displacement had a considerable impact on whole RNFL thickness measurements. Understanding the effect of optic disc center displacement could contribute to the reliable RNFL measurements. Especially, it might improve the reliability of longitudinal OCT study in which accurate and consistent alignment is essential. The direction of optic disc center displacement correlated with a characteristic unreliable zone pattern and by semi-automatic manipulation using the editing tool, the original shape of the optic disc margin was restored (arrowheads). Comparing two coordinates of the optic disc centers, superotemporal [-0.09, 0.09 mm] displacement (red asterisk) was observed. This corresponds to the boundary of the cautious threshold limit and should be interpreted with caution. (C) We can estimate or confirm the effect of optic disc center displacement using the displacement error-encoded map. In superotemporal displacement, the major clinical concern is the inferotemporal unreliable zone in which the greatest decrease is expected. Indeed, the red-coded area and its angular width increased 2.45 to 2.69 mm 2 (9.8%) and 23.7 to 26.5˚(11.8%). Minor changes in the superotemporal (increased yellow-coded area) and inferonasal region (decreased yellow-and red-coded area) were also consistent with the displacement error-encoded map. OCT = optical coherence tomography doi:10.1371/journal.pone.0165538.g006 Manual delineation (blue irregular arc) indicated that the direction of optic disc center displacement was estimated to be inferonasal (arrows). (B) At next follow-up exam (6 month interval), the floater (arrowhead) moved nasal side, and then optic disc margin was clearly detected. Although inferotemporal and superotemporal RNFL defects seemed to be progressed in the RNFL deviation map, there had been no evidence of such rapid progression in other structural and functional tests. Optic disc center displacement might affect the change of red and yellow-coded area. (C) In inferonasal displacement, there was greater chance of overestimation of RNFL thickness in inferotemporal region. Superotemporal region also was suspicious of mild overestimation. These were consistent with relatively small RNFL defects in first exam. RNFL = retinal nerve fiber layer doi:10.1371/journal.pone.0165538.g008 threshold limit. Identifying the direction of optic disc displacement is therefore highly recommended as the first step in managing the optic disc center displacement problem.
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